Mannitol metabolism was evaluated in fruiting bodies of Lentinus edodes. Cell extracts were prepared from fruiting bodies, and key enzymes involved in mannitol metabolism were assayed, including hexokinase, mannitol dehydrogenase, mannitol-1-phosphate dehydrogenase, mannitol-1-phosphatase, and fructose-6-phosphatase. Mannitol dehydrogenase, fructose-6-phosphatase, mannitol-1-phosphatase, and hexokinase activities were found in extracts of fruiting bodies. However, mannitol-1-phosphate dehydrogenase activity was not detected. Mycelial cultures were grown in an enriched liquid medium, and enzymes of the mannitol cycle were assayed in cell extracts of rapidly growing cells. Mannitol-1-phosphate dehydrogenase activity was also not found in mycelial extracts. Hence, evidence for a complete mannitol cycle both in vegetative mycelia and during mushroom development was lacking. The pathway of mannitol synthesis in L. edodes appears to utilize fructose as an intermediate.
Lentinus edodes (Berk.) Sing., the edible shiitake mushroom, is the second most important mushroom in the world mushroom market. World production of shiitake in 1983 was estimated at 200,000 metric tons, approximately 14% of total mushroom production (16) . A sizable market for shiitake is developing in the United States. Most shiitake cultivation occurs on hardwood tree logs (11, 17) , but shiitake cultivation on synthetic logs (i.e., sawdust supplemented by nutrients) can result in higher mushroom production efficiency (14) and could develop into an economical and cost-effective method of shiitake cultivation. Several factors affect mushroom production efficiency on sawdust media, including the genotype, spawn run time, and substrate formulation (1, 15) .
The biochemistry of mushroom development is of great interest. Significant changes occur in carbohydrate metabolism during fruiting-body initiation and the development of primordia into mature fruiting bodies in Agaricus (5) . Man- nitol, a sugar alcohol, is present at low concentrations in the mycelium of Agaricus bisporus but increases dramatically (30 to 50% of dry weight) in differentiating sporophores (6) . The enzyme mannitol dehydrogenase catalyzes mannitol synthesis from fructose, using NADPH as a cofactor (2) . Increases in mannitol synthesis and glucose-6-phosphate dehydrogenase activity are related to the initiation and development of Agaricus fruiting bodies (4) .
In fungi, mannitol synthesis may occur via two pathways. The first occurs via reduction of fructose, which is mediated by the enzyme mannitol dehydrogenase (8) . Fructose may be generated from fructose-6-phosphate by the action of fructose-6-phosphatase (12) . Second, synthesis may occur via dephosphorylation of mannitol-1-phosphate, which is mediated by mannitol-1-phosphatase. Mannitol-1-phosphate is in turn synthesized from fructose-6-phosphate by the action of mannitol-1-phosphate dehydrogenase (8) . Hence, mannitol metabolism may be regulated by one or more of four enzymes of the mannitol cycle, including mannitol-1-phosphate dehydrogenase, mannitol-1-phosphatase, mannitol dehydrogenase, and hexokinase (7) or, alternatively, in the absence of a functional mannitol cycle, by fructose-6-phosphatase. Although the mannitol cycle is an important NADPH-regenerating system, it has been reported to occur t Present address: Campbell Soup Co., C.I.R.T., Napoleon, OH 43545.
in Fungi Imperfecti but not in phycomycetes, ascomycetes, or basidiomycetes (8) .
In basidiomycetes, the mannitol pathway was investigated in the button mushroom, Agaricus bisporus, during sporophore growth (12) . Mannitol dehydrogenase activity was high in early stages of mushroom development and declined during sporophore growth to a very low level after sporulation. Fructokinase activity was high during mushroom development and reached a maximum during the later stages of development, whereas fructose-6-phosphatase activity rose to a maximum during late sporophore development and subsequently dropped to a low level after sporulation. In A. bisporus, mannitol-1-phosphate dehydrogenase was not detected (8) . Mannitol is postulated to be synthesized from fructose, which is generated from fructose-6-phosphate by the action of fructose-6-phosphatase (12) .
In another basidiomycete, Piloderma croceum, mannitol dehydrogenase, mannitol-1-phosphatase, and hexokinase were detected in mycelial extracts (13) , but one enzyme of the mannitol cycle, mannitol-1-phosphate dehydrogenase, was low or absent. Hence, there is no unequivocal evidence for a functional mannitol cycle in the basidiomycetes.
Since mannitol metabolism appears to have a role in the development of mushroom fruiting bodies, mannitol metabolism was examined during mushroom development in L. edodes. In addition, it was of interest to determine whether the complete mannitol cycle was operative in L. edodes and to ascertain the pathway of mannitol synthesis.
MATERIALS AND METHODS
Fungus culture. L. edodes WC305 was obtained from Daniel Royse (Pennsylvania State University, University Park, Pa.). Dikaryotic mycelial cultures were maintained on malt extract agar (MEA; Difco Laboratories) slants. Vegetative mycelium was grown on MEA in petri dishes at 25°C. Portions of this culture were used as inocula to grow liquid cultures. Liquid shake cultures were grown in a complex medium (SMPY) consisting of (per liter): sucrose, 10 g; malt extract, 10 g; peptone, 5 g; and yeast extract, 5 g (pH 6.0). Mycelium was initially grown in 250-ml flasks containing 50 ml of SMPY medium. Log-phase hyphae were homogenized in a sterile Virtis blender and inoculated into 11 flasks containing 250 ml of sterile SMPY. Cultures were shaken at 100 rpm on a New Brunswick G25 shaker at 250C. Rapidly Fructose-6-phosphatase activity was assayed by incubating extracts at 25°C in 20 mM HEPES-KOH (pH 7.5)-200 mM fructose-6-phosphate. Enzyme activity was estimated by monitoring phosphate cleaved from fructose-6-phosphate (12) .
Fructokinase (EC 2.7.1.1) was assayed by incubating cell extracts at 25°C in 20 mM HEPES-KOH (pH 7.5)-S5 mM fructose-2 mM ATP-0.5 mM NADP-5 mM MgCl2-5 U of glucose-6-phosphate dehydrogenase-5 U of phosphoglucose isomerase. Enzyme activity was monitored by recording the change in A340-Enzyme activity data were used to determine the means and standard error of the mean. An analysis of variance was performed to assign statistical significance (at the P < 0.05 level) by using Tukey's HSD test (18) .
RESULTS AND DISCUSSION
The stages of mushroom development were arbitrarily chosen and are described in Table 1 . The criteria used in defining each stage are similar to those described previously for A. bisporuis (6) . Mushroom dry weight increased significantly in stages 2 and 3, followed by a gradual increase in stages 4, 5, and 6 ( Fig. 1) . In general, dry weight increase correlated with the increase in the overall size of the fruiting bodies.
Mannitol dehydrogenase activity showed a significant increase in stages 2 and 3 (P < 0.05) and remained at approximately the same level in subsequent stages (Fig. 2) . In contrast, mannitol dehydrogenase activity was high during the first stage of sporophore development in A. bisporus and progressively decreased in subsequent stages (12) . In vegetative mycelial cultures of L. edodes, comparable mannitol dehydrogenase activity was found (Table 2) .
Mannitol-1-phosphate dehydrogenase activity was not detected in extracts of shiitake fruiting bodies. In order to ascertain whether this enzyme was present in vegetative mycelia of L. edodes, extracts of log-phase cultures were used, but the enzyme activity was not detected. Activity of this enzyme was absent in fruiting bodies of A. bisporus (8) , but very low levels of activity were reported for mycelial cultures of P. croceum (13) . This enzyme was detected in Fungi Imperfecti (8) and has been purified from Aspergillus niger (10) and Aspergillus parasiticus (3).
Mannitol-1-phosphatase activity was detected during mushroom development. However, because there was no detectable mannitol-1-phosphate dehydrogenase activity, there appears to be no evidence for in vivo generation of mannitol-1-phosphate, the putative substrate. Therefore, the activity observed is probably due to a nonspecific polyol or sugar phosphatase.
Since mannitol- synthesis is via fructose, which may be generated by the action of fructose-6-phosphatase on fructose-6-phosphate. Hence, fructose-6-phosphatase was assayed in extracts of fruiting bodies.
Fructose-6-phosphatase activity rose during the first three stages of mushroom development (P < 0.05, Fig. 3 ) and tended to decrease in subsequent stages, but this decrease was not significant (P > 0.05). In A. bisporus, variations in fructose-6-phosphatase activity (12) showed a similar pattern.
Fructokinase activity in the developing fruiting bodies was low in the first two stages, but increased significantly in the third stage (P < 0.05, Fig. 4 ) and remained high in the later stages of development. This pattern of variation in fructokinase activity is similar to that observed for the button mushroom (12) . In the vegetative mycelia of L. edodes, fructokinase activity was detected readily (Table 2 ). In A. bisporus, fructokinase activity coincided with mannitol oxidation. The fructose thus generated would be phosphorylated by fructokinase, and the product, fructose-6-phosphate, could then enter the glycolytic pathway. It is feasible that a similar situation exists in L. edodes.
In the present study, no evidence was found to implicate a functional mannitol cycle (8) either in vegetative mycelia or during development of fruiting bodies. Mannitol synthesis in L. edodes probably occurs by the conversion of fructose into mannitol, the reversible reaction being catalyzed by the enzyme mannitol dehydrogenase. Fructose generation is Fructose -6 -phosphatase probably mediated by fructose-6-phosphatase, which cleaves phosphate from fructose-6-phosphate to produce fructose. Hence, the pathway of mannitol synthesis in L. edodes is similar to that in A. bisporus (12) .
